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A novel polymer semiconductor with side chains thermally cleavable at a low 
temperature of 200 °C was synthesized. The complete cleavage and removal of the 
insulating 2-octyldodecanoyl side chains were verified with TGA, FT-IR, and NMR data. 
The N-H groups on the native polymer backbone are expected to form intermolecular 
hydrogen bonds with the C=O groups on the neighboring polymer chains to establish 3-D 
charge transport networks. The resulting side chain-free conjugated polymer is proven to 
be an active p-type semiconductor material for organic thin film transistors (OTFTs), 
exhibiting hole mobility of up to 0.078 cm2V-1s-1. This thermo-cleavable polymer was 
blended with PDQT to form films that showed a higher performance than the pure 
individual polymers in OTFTs.  
MoO3 or NPB was used as a hole injection buffer layer between the metal electrodes and 
the polymer semiconductor film layer in OTFT devices. This buffer layer improved hole 
injection, while its use in the OTFT, improved the field-effect mobility significantly due 
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A transistor is a semiconductor device used to control the flow of electrical current 
(electronic signal) between two terminals of transistor by applying and switching an input 
voltage or current on a third terminal. Since the output power can be higher than the input 
power, the transistor can work as a signal amplifier to provide a current or voltage gain. 
Transistors are commonly used as electronic switches to show “on” or “off” signals both 
for high-power applications such as switched-mode power supplies and for low-power 
applications such as logic gates. 
In 1947, John Bardeen and Walter Brattain at Bell Labs observed that when two gold 
point contacts were applied to a crystal of germanium, a signal was produced with the 
output power greater than the input. William Shockley worked to greatly expand the 
knowledge of transistors.[1] For their contribution to the field of semiconductor and their 
discovery of semiconductor transistors, William Shockley, John Bardeen, and Walter 
Brattain were awarded the 1956 Nobel Prize in Physics. 
In 1954, Gordon Teal in Texas Instruments produced the first silicon transistor.[2]  The 
first metal–oxide–semiconductor (MOS) transistor was built by Kahng and Atalla at Bell 
Labs in 1960. In a very short period of time, transistors replaced vacuum tubes for use in 
integrated circuits for the controlling appliances and machinery. Transistors play an 
important role in all modern electronics, especially in computers. 
In 1930, the field-effect transistor (FET) was first proposed by J.E. Lilienfeld,[3] and the 
first field-effect transistor was designed and prepared by Kahng and Atalla using a metal-
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oxide-semiconductor in 1960.[4] A field-effect transistor is a transistor that uses an 
electric field to control the conductivity of a channel of one type of charge carrier in a 
semiconductor material to provide a current as on/off signal or to amplify the current. 
Figure 1.1 shows a field effect transistor with a top contact and bottom gate structure, 
where the gate controls the current between the source and drain electrodes, similar to the 
switching of a tap to control the water flow. The source (S) is the electrode where the 
majority carriers enter the channel and the drain (D) is the electrode where the majority 
carriers leave the channel. The gate (G) is the terminal electrode that controls the channel 
conductivity. By controlling the gate voltage, the drain current can be tuned. 
 








Figure 1.1 Field effect transistor with a structure of top contact and bottom gate (top); analogous 




However, high costs of the silicon semiconductor and device fabrication have led 
researchers to find more desirable materials such as organic semiconductors. In 1987, 
Koezuka and his co-workers reported the first organic field-effect transistor (OFET),[5] 
which was based on polythiophene, a typical organic polymer semiconductor. OFETs can 
be prepared from small molecules by vacuum evaporation or from polymers by solution 
processing (casting or spin-coating). The excellent solution processibility of organic 
semiconductors open up potential applications in radio-frequency identification (RFID) 
tags, flexible displays, electric paper, organic memory and photovoltaics due to the low 
cost in large area processing without the need of a high vacuum environment and high 
temperatures during fabrication.[6-9]  Figure 1.2 shows some applications of organic field 
effect transistors. 
 
Figure 1.2 Application of organic field effect transistor in plastic RFID, flexible displays, paper 




1.2 Organic Thin-film Transistor (OTFT) 
 
OFETs are now designed and fabricated as thin film devices that are also called thin-film 
transistors (OTFTs). The structure of OTFTs is similar to that of the metal oxide 

























Figure 1.3 OTFT device structure: a) top-contact device with source and drain electrodes deposit 
on the organic semiconducting layer; b) bottom-contact bottom gate device with the organic 
semiconductor deposited onto the gate insulator and the pre-evaporated source and drain 
electrodes on gate dielectric layer; c) bottom-contact device with the organic semiconductor 
deposited onto the pre-evaporated source and drain electrodes and followed by gate dielectric 
layer and gate electrode deposition; d) top-contact top gate device with source and drain 
electrodes evaporated on the organic semiconducting layer and then covered by insulator and gate 
electrode. 
 
Figure 1.3 shows four common device configurations used in OTFTs. Figure 1.4 shows a 
typical 3-D configuration of OTFTs, where W is the channel width and L is the channel 
length. When a sufficient voltage is applied to the gate, a conductive channel is formed, 
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through which a current between source and drain flows (holes for p-type semiconductor 
and electrons for n-type semiconductor) with a drain voltage (VD). The I-V characteristics 
of OTFTs can be described by models developed for inorganic semiconductors. PDQT [29] 
OTFTs in Figure 1.5 are used here to demonstrate typical I-V characteristics of OTFTs 











Figure 1.4 3-D structure of bottom gate/ top contact device of OTFT 
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Figure 1.5. Output of hole accumulation regimes (left); Transfer characteristics (right). OTFT is 
fabricated by employing the bottom contact (Au electrode) structure on doped p-silicon wafers. 
200nm SiO2 layer (capacitance 17nF/cm2) on the p-silicon wafer was used as the gate insulator. 
The polymer film was obtained by spin-coating on substrate with a thickness of 40nm.  Channel 
length L=30um and channel width W=1mm. The saturation mobility is 1.3 cm2V-1 s-1 at VD=-80V. 
 
Figure1.5-left shows output characteristics for different gate voltage values. The ohmic 
(linear) behavior at low drain voltages and drain current saturation above the pinch-off 
point appears shown in output curves. The data can be fitted in both the linear (1) and 




((𝑉𝐺𝑆 − 𝑉𝑇) −
𝑉𝐷𝑆
2




(𝑉𝐺𝑆 − 𝑉𝑇)2  (2) 
where IDS is the drain-source current, W is the channel width, Ci is the gate insulator 
capacitance density (F/cm2), VGS is the gate-source voltage, and VT is the threshold 
voltage. These equations are valid for a long channel length. A long channel length 
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means the gate electric field is much larger than the longitudinal electric field, which is 
normally greater than 10 μm. Otherwise the drain current to the saturation voltage (dIDS
dVDS
)  
above pinch-off will not be zero. [16] In the saturation regime, mobility can be calculated 
from the slope of the plot of �𝐼𝐷𝑆 versus VGS. In Figure 1.5-right, the graph contains 
semilogarithmic plot IDS versus VGS and a plot of  �𝐼𝐷𝑆 versus VGS. It corresponds to a 
bottom contact / bottom gate OTFT with a channel length L=30um and a channel width 
W=1mm comprising PDQT as the semiconductor layer with a 200nm SiO2 as the gate 
dielectric layer and heavily doped p-silicon as the gate electrode and gold source and 
drain electrodes. The saturation mobility is 1.3 cm2V-1 s-1 , which is calculated from the 
slope of the  �𝐼𝐷𝑆 versus VGS plot (VGS from 8V to -2V). It is important to note that the 
W/L value of this OTFT device is about 33, which is much higher than 10. With such as 
high W/L ratio, the effects of fringe currents flowing outside the channel could be 
minimized to avoid an overestimate of the mobility. While the threshold voltage VT is 
+8.6V, and the Ion/Ioff ratio is about 1.5×106 when VGS was scanned from +20V to -80V.  
1.3 Conjugated polymer semiconductors 
 
Polymer semiconductors have attracted much attention in recent years as active materials 
in organic thin film transistors (OTFTs) due to the low cost solution process (solution 
casting, ink-printing or spin-coating) as used for their fabrication. [34-38]  
The first polymer-based OTFTs reported in 1987 [5] showed mobility of ~10-5 cm2V-1s-1. 
In the last few years, several new polymer semiconductors with mobilities above 1 cm2V-
1s-1 in OTFTs have been reported, which are better than amorphous silicon semiconductor.   
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In some recent work, it was found that semiconducting polymers which combine electron 
donating (D) and accepting (A) building blocks in the main backbone are one of the most 
promising and attractive classes of conjugated polymers for high performance (mobility) 
in OTFT application.[17-19] A D–A system induces intermolecular D–A interactions, 
leading to increased molecular ordering through self-assembly of the polymer main 
chains and forming polymer networks through donor-acceptor (D-A) interactions for 
highly efficient charge transport. Figure 1.6 and 1.7 show some important acceptor and 
donor chemical structures. Selection of D–A building blocks for a conjugated polymer 
backbone requires considering the electron donating and accepting capability, planarity, 
chemical-electrochemical stability, and efficient tunability in electronic characteristics 
through side chain substitution, solubility and solid state self-assembly. D–A combination 
allows scientist to tune the band gap through hybridization of the highest occupied 
molecular orbital (HOMO) of the donor moiety with the lowest unoccupied molecular 
orbital (LUMO) of the acceptor to fit the requirement of organic electric application. For 
example, the HOMO level could be tuned to be below -5 eV for p-type carrier transport 

































































Combinations of these donors and acceptors gave polymers with high hole mobilities of 
0.11-1.2 cm2V-1 s-1. [20-24] 
Pei and coworkers [25] first reported the use of an isoindigo-based polymer combining 
with a bi-thiophene unit to yield a hole mobility of 0.79 cm2V-1 s-1. The structure of this 





















0.79 cm2V-1 s-1 2.48 cm2V-1 s-1
 
Figure 1.8 Isoindigo based polymer with high hole transport mobility 
 
Later, Bao’s group [26] reported an impressive result with a hole transport mobility of up 
to 2.48 cm2V-1 s-1 with a new silicon-containing side-chain (Figure 1.8-right).  
Our group has focused on diketopyrrolopyrrole (DPP)-based polymer. This building 
block has been used extensively to combine with other donor building blocks to form 
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various D–A copolymers. Several DPP-containing polymers have achieved carrier 













































































In 2010, our group reported a new DPP-based polymer with a donor of thieno[3,2-
b]thiophene, showing high hole mobility of 0.94 cm2V-1 s-1 in OTFTs with a bottom gate 
and top contact structure. This high mobility could arise from the strong intermolecular 
interactions due to π-π stacking, donor-acceptor interaction and the ordered lamellar 
structure. [27] When the polymer film was tested in top gate structure, the hole mobility 
could reach as high as 1.62 cm2V-1 s-1, which shows a potential to improve the 
performance of conjugated polymers in OTFT applications.[28] The highly efficient 
charge transport is attributed to the strong intermolecular D-A interactions and the larger 
π-π overlap of the planar thieno[3,2-b]thiophene units. The former effect brings the 
polymer chains closer, reaching a very short π-π distance of 3.71 Å, while the latter 
provides ample charge hopping channels along the π-π stacks. 
A DPP-based copolymer having a bithiophene donor with a hole mobility in OTFT of 
0.97 cm2V-1 s-1 was reported in 2011 by our group[29]. This polymer forms ordered 
lamellar packing even without thermal annealing, when annealed at a mild temperature of 
100 °C the thin film showed similarly high mobility of 0.89 cm2V-1s-1. This may be 
because of the strong intermolecular interactions from the fused aromatic DPP moiety 
and the DPP−QT donor−acceptor interaction forming a large π−π overlap, which are 
favorable for intermolecular charge hopping.  
Later, our group reported a novel donor–acceptor co-polymer, PDPP-TNT, based DPP 
acceptor and fused naphthalene donor. This structure naphthalene is attached through 1,4-, 
1,5- or 2,6-positions to the conjugated backbone. This polymer showed a hole mobility of 
0.98 cm2V-1 s-1 in bottom gate and dual gate OTFTs.[30] Additionally, PDPP–TNT, which 
has a HOMO (5.29 eV) energy level and optimum optical band gap (1.50 eV), is a 
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promising candidate for organic photovoltaic (OPV) applications, and gave high power 
conversion efficiencies (PCE) of 4.7% in OPV devices with an acceptor PC71BM.  
In 2010, our group also reported a new ambipolar DPP-based copolymer with a 
benzothiadiazole donor building block in its backbone. This resulted in ambipolar charge 
transport in OTFT devices with balanced hole and electron mobilities of 0.35 cm2V-1 s-1 
and 0.40 cm2V-1 s-1, respectively.[31] Very recently, Liu and coworkers reported a new 
DPP-based polymer with a DPP acceptor unit and a (E)-2-(2-(thiophen-2-
yl)vinyl)thiophene (TVT) donor unit, which exhibited a very high hole mobility of 8.2 
cm2V-1 s-1.[32]  
Therefore, diketopyrrolopyrole (DPP) is a promising building block for high performance 
D-A polymer semiconductor organic thin film transistors with high mobility, and organic 




In this chapter, the background and operation of organic thin film transistors were 
introduced, and common device configurations and evaluation of devices briefly 
discussed. Polymer semiconductors are the most ideal choice due to their excellent 
solution processability in a variety of solvents. Equally important are their mechanical 
robustness, light weight and flexibility. Due to the high mobility of the D-A polymers, 
they have become very competitive with small molecular organic semiconductors and 
amorphous silicon semiconductors.  
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Chapter 2   DPP-based semiconducting polymer bearing 





π-conjugated polymer semiconductors have attracted much attention in recent years as 
active materials in organic thin film transistors (OTFTs),[34-38] organic photovoltaics 
(OPVs),[39-44] etc. Their excellent solution processability and mechanical robustness allow 
for fabrication of various low-cost, large-area, and flexible organic electronic products 
such as displays, radio-frequency identification (RFID) tags, memory devices, and solar 
cells.[6-9] To be solution-processable, a large portion of solubilizing side chains must be 
incorporated to oppose the strong aggregation tendency of polymer backbones from 
solution. For instance, the hexyl side chains in poly(3-hexylthiophiophene) (P3HT) 
constitute up to ~51% of the polymer mass. The non-conjugated side chains would 
separate the semiconductive aromatic polymer backbones and intrinsically reduce the 
overall charge carrier transport performance. Labile side chain groups, which provide the 
needed solubility and can be chemically [45-48] or thermally [49-58] removed under mild 
conditions, have been used to substitute both small molecular and polymeric 
semiconductors to achieve a higher density of the aromatic components via a post-
deposition thermal treatment. For example, cyclohexadiene4a and N-sulfinylamide4b 
were used to form soluble pentacene precursors, which can undergo thermally activated 
retro-Diels-Alder reactions to recover the native semiconductive pentacene after solution 
deposition. Fréchet et al. used thermally decomposable secondary ester groups as 
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terminal substituents for oligothiophenes.[51, 52] After thermal annealing, the resulting 
oligothiophenes possessed shorter terminal groups and showed good performance in 
OTFTs. The same research group reported a polythiophene having tertiary ester side 
chains, which form carboxylic acid side chains upon heating at 210 °C.[54] To form a 
completely side chain-free (native) polythiophene, a higher temperature of 310 °C is 
required to remove the carboxylic acid groups.[56]  Bao and co-workers recently found 
that the secondary or tertiary alkyl groups on the nitrogen atoms of quaterrylene diimides 
could be removed at elevated temperatures (~350-400 °C) with the chromophore intact.[53] 
After thermally removing the side chains, the resulting quaterrylene diimide showed a 
significant increase in mobility in OTFTs. Holdcroft et al reported polythiophenes having 
side chains comprising acid-sensitive tetrahydropyran (THP) groups.[45-48] In the presence 
of a trace amount of acid and at an elevated temperature, the THP groups are readily 
detached to enable closer polymer packing due to the shortened side chains.[45] The THP 
group was also found thermocleavable at ~300 °C.[54, 58] 
Here we report a novel polymer semiconductor, PDQT-tc, which has 2-octyldodecanoyl 
side chains that can be completely thermally decomposed at a low temperature of 
~200 °C to form a side-chain-free conjugated polymer PDQT-n. Our results show that 






2.2 Results and Discussion 
 
The key building block for PDQT-tc is 2,5-dihydro-pyrrolo[3,4-c]pyrrole-1,4-dione or 
diketopyrrolopyrrole (DPP), which has been an increasingly popular electron acceptor 
moiety for high mobility donor-acceptor polymers in OTFTs.[15, 27, 29-31, 60-62] tert-
Butoxycarbonyl (t-BOC) substituted DPP molecule was found to be thermally 
decomposable at ~180 °C.[63] Very recently a DPP-based copolymer incorporating a 
BOC-DPP unit was reported.[64] The BOC groups in the polymer could be thermally 
removed at ~200 °C and the resulting polymer showed enhanced electron transport 
performance. Previously we have developed a high mobility polymer PDQT,[29]  which 
has solubilising 2-octyldodecyl (OD) side chains on the DPP units. In this study, we 
synthesized a PDQT derivative, PDQT-tc, which has 2-octyldodecanoyl groups on the 
nitrogen atoms. The synthesis of PDQT-tc is outlined in Scheme 2.1  2,5-Dihydro-3,6-di-
2-thienyl-pyrrolo[3,4-c]pyrrole-1,4-dione (1) was first substituted with  2-
octyldodecanoyl groups at two nitrogen atoms by reacting with NaH in N-
methylpyrrolidone (NMP), followed by addition of 2-octyldodecanoyl chloride, yielding 
2,5-bis(2-octyldodecanoyl)-2,5-dihydro-3,6-di-2-thiophen-pyrrolo[3,4-c]pyrrole-1,4-
dione (2) in ~10% yield. Bromination of 2 with 2 equivalents of N-bromosuccinimide 
(NBS) gave 3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-octyldodecanoyl)-2,5-dihydro-
pyrrolo[3,4-c]pyrrole-1,4-dione (3) in 65% yield. Stille coupling polymerization of 3 with 
5,5’-bis(trimethylstannyl)-bithiophene was conducted in toluene at 90 °C for 24 hr in the 
presence of a catalytic amount of bis(triphenylphosphine)palladium(II) dichloride. The 
resulting crude polymer was purified by Soxhlet extraction sequentially with acetone and 
hexane to remove oligomers and other impurities. Extraction with chloroform dissolved 
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the remaining polymer, affording blue solid films after removal of solvent with a high 
yield of 92%. The number average molecular weight (Mn) and polydispersity index (PDI) 
of PDQT-tc were determined by gel-permeation chromatography (GPC) to be 24,334 and 
3.90, respectively, using chlorobenzene as an eluent and polystyrene as standards at a 
column temperature of 40 °C. 
 
Scheme 2.1 Synthesis of PDQT-tc and PDQT-n: a) i)NaH, NMP, ii) 2-octyldodecanoyl chloride; 




The thermal decomposition characteristics of PDQT-tc were investigated by using the 
thermogravimetric analysis (TGA). The thermal liability of the –N-C(=O)- was 
demonstrated by heating compounds 2 and 3. Both compounds started to decompose at 
~180 °C, although compound 3 was found to decompose at a slightly faster rate (Figure 
2.1). Polymer PDQT-tc started to lose weight at ~200 °C, while its structural analogue 
PDQT,[29] which has 2-octyldodecyl side chains, showed a much higher onset thermal 
decomposition temperature at ~400 °C. The weight loss of at ~46% PDQT-tc levelled off 
at ~46% by ~350 °C, which is ~10% less than the calculated mass fraction (~56%) of the 
2-octyldodecanoyl side chains in PDQT-tc. This discrepancy is probably due to trapping 
of some decomposed side chain fragments in the polymer sample, on the other hand,  the 
decomposed side chains could evaporate readily. 
 
Figure 2.1 TGA curves of PDQT-tc, PDQT, compound 2, and compound 3 at a heating rate of 
10 °C min-1 under nitrogen. 



























Figure 2.2 Top: FT-IR spectra of PDQT-tc films on Si wafer annealed at different temperatures 
for 20 min in nitrogen. Bottom: FT-IR spectra of PDQT-tc films on Si wafer at 200 °C for 20 min 
and 3 hr, respectively. 
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The chemical structural changes of PDQT-tc upon heating were studied by FT-IR. The 
thin film samples (~63 nm in figure 2.7) for FT-IR measurements were prepared by spin 
coating a PDQT-tc solution in chloroform on boron-doped silicon wafer substrates with a 
(111) orientation and a resistivity of ~10 Ωcm, followed by thermal annealing in a glove 
box filled with nitrogen for 20 min at various temperatures. It can be clearly seen that the 
peaks (2922 and 2851 cm-1) representing the side chain C-H groups decreased upon 
heating at ~200 °C and completely disappeared after heating at 250 °C or higher (Figure 
2.2: top). It was also observed that a peak at 1598 cm-1, which originated from the N-H 
vibration, appeared with film annealed at 200 °C. By extending the annealing time to 3 hr, 
the side chains could be completely removed at 200 °C (Figure 2.2: bottom). The 
thickness of the polymer films with side chains completely removed is ~26 nm, which is 
~41% of the thickness (~63 nm) of the films prior to thermal treatment (Figure 2.3). This 
reduction has an agreement with the calculated value (44%), assuming that the density of 
the polymer before and after thermal annealing remains similar. As opposed to the 
trapping of some decomposed side chains observed in the TGA experiments, the 
complete elimination of side chains of PDQT-tc confirmed by FT-IR is likely due to the 
easier evaporation of the decomposed side chain fragments in the thin films used for the 
FT-IR measurements than in the bulk samples used for the TGA. The liberated N-H 
groups in the resulting PDQT-n without side chains are expected to strongly interact with 
the C=O groups on the DPP units of the neighbouring polymer chains by intermolecular 
hydrogen bonding (NH•••O),[65, 66] which would form tightly held three-dimensional 
networks of native semiconducting polymer backbones (Scheme 2.1). Figure 2.4 showed 




Figure 2.3 Film thickness analysis of PDQT-tc thin films using AFM: left) before (63 nm) and 
right) after (26 nm) thermal annealing at 200 °C for 3 hr. 
 
















Figure 2.4 FT-IR spectra of PDQT-tc films on Si wafer annealed at 150 °C for 20 min and for 






Figure 2.5 XRD diagrams obtained from PDQT-tc thin films on DTS- treated SiO2 /Si substrates 
annealed at 150 °C for 20 min and 200 °C for 3 h in nitrogen along with the one of the as-spun 
thin film (r. t.). 
 
 























Figure 2.6 AFM images (2 µm × 2µm) of PDQT-tc thin films annealed at 150 (left) for 20 min 
and 200 °C (right) for 3hr in nitrogen. The root mean square (RMS) roughness of the films is 
0.89nm (left) and 1.42 nm (right). 
 
 
The X-ray diffractometry (XRD) measurements of the as-spun film and the films 
annealed at 150 and 200 °C are shown in Figure 2.5. The as-spun film showed a 
diffraction peak at 2θ= ~4.40°, which corresponds to a d-spacing of 20.1 Å. This spacing 
corresponds to the inter-lamellar distance observed for PDQT.[29] The much weaker 
diffraction intensity for PDQT-tc is probably due to the presence of the C=O groups on 
the 2-octyldodecanoyl side chains, which interfere with the molecular ordering. The 
primary peak of the thin film annealed at 150 °C became intensified, due to the improved 
molecular ordering. After annealing at 200 °C for 3 hr, this diffraction peak completely 
disappeared. This is due to the elimination of the side chains, which results in the 
shortening of the interlayer distance.  It is also noted that the diffraction intensity in the 
broad range from ~15 to 30° increased, which is possibly associated with the formation 
of an amorphous phase. Atomic force microscopic (AFM) images in Figure 2.6 show that 
the PDQT-tc film annealed at 150 °C (without removal of side chains) is quite smooth 
(with an RMS roughness of 0.89 nm), and comprised of small nanograins (~20-30 nm). 
After removal of side chains by annealing at 200 °C for 3 hr, the nanograins in the 
resulting PDQT-n film are connected to form nanofibers. The film becomes rougher 



























Figure 2.7 300 MHz 1HNMR of the mixture of the decomposed compound 2 at 250 °C for 20 
min measured in DMSO-d6. It can be clearly seen that the aromatic peaks of compound 2 




Figure 2.8 Top: The proposed thermal decomposition reaction of compound 2 to form compound 
1. Bottom: FT-IR spectra of pure compound 1 on a KBr substrate and compound 2 films on Si 
wafer substrates annealed at different temperatures in nitrogen.  
 
The side chain-free PDQT-n films are insoluble in any solvents for NMR analysis. To 
indirectly elucidate the chemical structure of PDQT-n, compound 2 was thermally 
decomposed at 250°C for 20 min in a sealed vial on a hotplate. The mixture after heating 
was analyzed using 1H NMR in Figure 2.7, which unambiguously showed that compound 
2 is completely decomposed and the new peaks appeared in the aromatic region are 


















































thermal decomposition of compound 2 to form compound 1 was also investigated using 
In Figure 2.8 bottom, FT-IR spectra of pure compound 1 on a KBr substrate and 
compound 2 films on Si wafer substrates annealed at different temperatures in nitrogen. 
The intense peaks at 2922 cm-1 and 2851 cm-1 of the non-annealed 2 originate from the 
stretching vibrations of the side chain C-H bonds, which decreased significantly after 
heating at 200 °C for 3 hr. The peaks at 1728 and 1720 cm-1 are from the stretching 
vibrations of the C=O groups on the 2-octyldodecanoyl substituents of compound 2, 
which disappeared after heating at 200 °C for 3 hr. The new peak appeared at 1596 cm-1 
in the thin film annealed at 200 °C for 3hr is due to the bending of the N-H groups of the 
recovered compound 1.  The spectrum of the sample annealed at 200 °C for 3 hr 
resembles the one of the pure compound 1, indicating that compound 2 was thermally 
decomposed to form compound 1, as shown in Figure 2.4 top.  Therefore it is reasonable 
to assume that PDQT-tc was converted into the side chain-free native conjugated polymer 
PDQT-n as proposed in Scheme 2.1. 
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Figure 2.9 UV-Vis spectra of the PDQT-tc chloroform solution and thin films on glass substrates 
without annealing (as-spun), annealed at 150 °C for 20 min, and annealed at 200 °C for 3 hr in 
nitrogen. 
 
The UV-Vis absorption spectra of PDQT-tc in a chloroform solution and thin films are 
shown in Figure 2.9. In solution, PDQT-tc exhibited an absorption maximum (λmax) at 
762 nm. The as-spun thin film showed a λmax at a longer wavelength of 800 nm, 
suggesting improved coplanarity of the polymer backbone and chain packing order. 
Thermal annealing at 150 °C led to a further red-shift in the λmax to 820 nm. When the 
annealing temperature was increased to 200 °C, the absorption peak of the resulting 
PDQT-n film was significantly blue-shifted to 772 nm. This dramatic change suggests the 
shortening of the effective π-conjugation length of the polymer chains, which is probably 
the direct result of the formation of a less ordered, amorphous phase where the polymer 
backbones are rather twisted. The strong interchain hydrogen bonding between the C=O 
and the N-H groups of the native conjugated backbones in the PDQT-n film might have 
segregated the π-π stacks during the elimination of the side chains. The resulting 
backbone-only polymer PDQT-n would have very strong intermolecular interactions, 
which inhibit any chain motion to reorganize the polymer chains into ordered crystalline 
structures. 
PDQT-tc was tested in bottom-gate, top-contact OTFT devices. A heavily p-doped 
silicon wafer with a ~200-nm thermally grown SiO2 layer was used as the substrate, 
where the conductive silicon functions as the gate electrode and the SiO2 layer as the 
dielectric. The SiO2 layer was modified with dodecyltrichlorosilane (DTS) prior to use. A 
PDQT-tc solution in chloroform was spin coated on the substrate at 1500 rpm for 60 s to 
28 
 
form a ~60-70-nm polymer thin film, which was subjected to thermal annealing at 200 °C 
for 3 hr in a glove box to form a ~30nm PDQT-n thin film. Then the source-drain 
electrode pairs were deposited on top of the polymer thin film by thermal evaporation of 
silver through a shadow mask to form OTFT devices with a channel width (W) of 4 mm 
and a channel length (L) of 100 µm. For comparison, OTFT devices using PDQT-tc 
annealed at 150 °C for 20 min (without eliminating the side chains) were fabricated. All 
devices were encapsulated with a TiOx top layer,[62] which was deposited by spin coating 
a precursor solution and then annealing at 80 °C for 20 min. The devices were 




Figure 2.10 Output and transfer curves of an OTFT device with a PDQT-tc thin film annealed at 
150 °C for 20 min (a and b) and an OTFT device with PDQT-n obtained by heating a PDQT-tc 
thin film at 200 °C for 3 hr in nitrogen (c and d). Device dimensions: channel width (W) =4 mm; 
channel length (L) =100 µm. 
 
As shown in Figure 2.10, the device with PDQT-tc annealed at 150 °C showed typical 
hole transport characteristics under the hole accumulation (enhancement) mode. The hole 
mobility in the saturation regime is 0.096 cm2V-1s-1 in the saturation regime with a 
current on-to-off ratio of 8.6 ×105. The mobility value is about one order of magnitude 


























































































lower than that of PDQT, probably due to the poor crystallinity of the polymer thin film. 
The device having the PDQT-n film obtained by annealing a PDQT-tc film at 200 °C for 
3 hr also showed a typical hole transport behaviour. The hole mobility of this device is 
0.078 cm2V-1s-1, slightly lower than that of the device annealed at 150 °C. However, if 
the amorphous nature of the PDQT-n film is taken into account, the charge transport of 
this polymer is quite efficient. It will be our next subject of study to maintain the 
crystallinity and the π-π stacking during the thermal elimination of the side chains by 
fine-tuning the heating profile. Thermal removal of side chains under a high pressure [53] 
will also be used to improve the quality and the crystallinity of the final native polymer 
thin film. 
2.3 Experimental 
2.3.1 Instrumentation and materials 
 
All materials were purchased from Sigma-Aldrich and used without further purification. 
NMR data were collected on a Bruker DPX 300 MHz spectrometer with chemical shifts 
relative to tetramethylsilane (TMS, 0 ppm). FT-IR spectra were performed on FTIR-
8400S (Shimadzu) Fourier Transform Infrared Spectrophotometer. UV-Vis spectra were 
recorded on a Thermo Scientific GENESYS™ 20 Spectrophotometer. XRD diagrams of 
polymer thin films (~100 nm) on the DTS-modified Si/SiO2 substrate deposited by spin-
coating polymer solutions in chloroform were obtained with a Bruker D8 Advance 
powder diffractometer using standard Bragg-Brentano geometry with Cu Kα radiation (λ 
= 1.5406 Å). Gel-permeation chromatography (GPC) measurements were performed on a 
Waters Breeze HPLC system using chlorobenzene as an eluent with polystyrene as 
standards at column temperature of 40 °C. Thermogravimetry analysis (TGA) was 
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conducted on a TGA Q500 (TA Instruments) at a heating rate of 10 °C min-1 under 
nitrogen. AFM images were performed on polymer thin films on DTS-modified SiO2/Si 
substrate using a Dimension 3100 Scanning Probe Microscope. The polymer thin films 
(~30-40 nm) were deposited by spin-coating polymer solutions in chloroform and 
optionally annealed at different temperatures. 
 



















15.6g of sodium was added to 240mL 2-methyl-2-butanol and then the mixture was 
heated to 95°C. Then 49.3g thiophene-2-carbonitrile was added to the mixture when all 
the sodium was consumed. Finally, a solution containing 34.8g of diethyl succinate in 
20mL of 2-methyl-2-butanol was added to the mixture drop-wise at 85 °C. The solution 
was stirred overnight and then cooled down to 50 °C. 150mL methanol was added to the 
solution. Then 60mL acetic acid was added drop-wise to neutralize the solution. Dark red 
precipitate appeared and the mixture became too viscose to stir. A glass rod was required 
to stir the precipitate before the magnet stirrer would work once again. After the mixture 
cooled down, the mixture was filtered. The red solid was washed by methanol, and then 
by water three times. This produced a brown solid that was then put in 600mL 
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isopropanol, and stirred for 3days. The final brown solid was obtained by filtering and 
drying. This procedure generated 40g product, corresponding to 66.7% yield.  
1H NMR (DMSO- d6): 11.20, 8.18-8.17, 7.93-7.92, 7.28-7.25. (Figure 2.11) 
 
Figure 2.11 300 MHz 1H NMR of the mixture of the compound 1, 3,6-di(thiophen-2-
yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione 









CH2Cl2, Water  
Sulphuric acid (10 g, 98%) was diluted with water (75 ml) and added to a solution of 2-
octyl-1-dodecanol (30 g) in dichloromethane (60 ml). To this mixture 1M potassium 
permanganate solution (15 mL) was added drop-wise over 1 hr and then stirred for an 
additional 3 hr. The mixture was filtered to remove manganese dioxide precipitate, 
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washed with water, and treated with 2M NaOH (400 mL). The solution was washed with 
hexane, neutralized with 2M HCl, and extracted with ethyl acetate three times. The 
combined organic phase was dried over anhydrous Na2SO4. Distillation under a reduced 
pressure gave a colourless liquid (23g, 74%). 
1H NMR (CDCl3) 2.38-2.35, 1.59-1.54, 1.47-1.43, 1.26, 0.90-0.85.  (Figure 2.12) 
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Figure 2.12 300 MHz 1H NMR spectrum of 2-octyldodecanoic acid in CDCl3 
 













2-Hexyldecanoic acid (82 mmol, 21g) was added drop-wise into thionyl chloride (80 
mL). The reaction mixture was refluxed for 3 hr and the excess thionyl chloride was 
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removed at 70 °C in vacuo to leave a brown liquid (22.3g, ~100%)), which was used in 
the next step without further purification. 
1H NMR (CDCl3): 2.76-2.71, 1.70, 1.53, 1.24, 0.88-0.84. (Figure 2.13) 
L065-CDCL3_001000FID.ESP










































Figure 2.13 300 MHz 1H NMR spectrum of 2-octyldodecanoyl chloride in CDCl3 
 
































3,6-Di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (1) (1.2g, 4 mmol) was 
dissolved in anhydrous N-methyl-2-pyrrolidone (NMP) (25mL) at 60 °C. After the 
solution was cooled down to room temperature, and sodium hydride (0.36g, 9 mmol) was 
added. The reaction mixture was stirred for 0.5 hr at 60 °C before 2-octyldodecanoyl 
chloride (3.3g, 10 mmol) was added into the reaction mixture. After stirring for 24 hr at 
60 °C, the reaction mixture was cooled down to room temperature and poured into DI 
water (500mL), and extracted with ethyl acetate three times. The organic layer was 
washed with brine and DI water to remove NMP. The combined organic layer was dried 
over anhydrous MgSO4 and filtered. After evaporating the solvent, the residue was 
purified by column chromatography on silica gel with a mixture of ethyl acetate and 
hexane (1:6, v:v) as an eluent to give the title compound as a dark purple solid. Yield: 
0.35g (~10%). 
1H NMR (CDCl3): 8.28(2H, d, J = 3.0 Hz), 7.62 (2H, d, J = 3.9 Hz), 7.19 -7.16 (2H, t, J = 
4.5 Hz), 3.89-3.77 (2H, m), 1.90-1.70,(4H, m), 1.70-1.54 (4H, m), 1.50-1.10 (56H, m), 





Figure 2.14 300 MHz 1H NMR spectrum  of 2,5-bis(2-octyldodecanoyl)-3,6-di(thiophen-2-
yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (2) in CDCl3. 
 

































(2) (1.1g, 1.24 mmol) was dissolved in  chloroform (50 mL) and NBS (0.441g, 2.48 
mmol) was added. After stirring for 24 hr at room temperature in the absence of light, the 
solvent in the reaction mixture was removed and the residue was purified with column 
chromatography on silica gel using a mixture of dichloromethane and hexane (1:4, v:v) as 
an eluent. A dark purple solid was obtained (0.85g, 65%).  
1H NMR (CDCl3): 8.17(2H, d, J = 4.2 Hz), 7.14 (2H, d, J = 4.2 Hz), 3.88-3.76 (2H, m), 
1.90-1.70 (4H, m), 1.70-1.54 (4H, m), 1.45-1.10(56H, m), 0.95-0.80(12H, t, J = 6.36 Hz). 
(Figure 2.15) 
 
Figure 2.15 300 MHz 1H NMR spectrum of 3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-










To a dry 100 ml Schenk flask containing 2,2’-bithiophene (2.1g, 6 mmol) and 50 ml of 
dry THF, a solution of n-butyl lithium in hexane (11mL, 2.5M, 27.5 mmol) was drop-
wise added at -78 °C. The suspension was stirred at -78 °C for an additional 30 min. A 
solution of trimethyltin chloride in THF (30mL, 1M, 30mmol) was then added drop-wise. 
The solids reacted slowly and gave a pale yellow solution, which was then stirred for 4 h 
at -78 °C, then warmed to room temperature and poured into water. The organic layer 
was separated and dried over MgSO4. After removal of the solvent by evaporation, the 
residue was recrystallized several times from hexane to obtain 1450 mg (49% yield) of 
5,5’-bis (trimethylstannyl)-2,2’-bithiophene as light yellow crystals.  





























Figure 2.16 300 MHz 1H NMR spectrum of 5,5'-bis(trimethylstannyl)-2,2'-bithiophene in CDCl3.   
 







































1,4(2H,5H)-dione (3) (0.2470 g, 0.236 mmol) and 5,5’-bis(trimethylstannyl)-bithiophene 
(0. 1160 g, 0.236 mmol) were charged in a 50 mL flask. After degassing and refilling 
with argon for 3 times, toluene (12 mL) and bis(triphenylphosphine)palladium(II) 
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dichloride (4.8 mg) were added and the reaction mixture was stirred at 80 °C for 1 hr, and 
then at 90 °C for 23 hr. Then 0.5 mL of bromobenzene was added and stirred at 90 °C for 
an additional 3 hr. The mixture was then poured into stirred methanol (200 mL). The 
solid was filtered off and further purified by Soxhlet extraction using acetone, hexane, 
before being dissolved with chloroform. A dark blue solid was obtained (227mg, 91.5%). 
GPC: Mn = 24,334; PDI = 3.90. 1H NMR and GPC data were in Figure 2.17 and 2.18 
 






Figure 2.18 GPC profile of PDQT-tc using chlorobenzene as an eluent and polystyrene as 
standards at column temperature of 40 °C. 
 
 
2.3.9 Fabrication and characterization of OTFT devices 
 
A top contact, bottom-gate OTFT configuration was used to evaluate the polymer 
semiconductors.  Heavily p-doped Si wafer with a thermally grown SiO2 layer (∼200 nm) 
having a capacitance of ∼ 17 nF cm −2 was used as a substrate. In this configuration,  the 
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conductive Si layer functions as the gate electrode and the SiO2 layer as the dielectric. 
After cleaning sequentially with DI water, acetone, and isopropanol in an ultrasonic bath, 
the substrate was cleaned by O2 plasma. Subsequently, the substrate was immerged in a 
dodecyltrichlorosilane (DTS) solution in toluene (10 mg mL-1) at 70 °C for 20 min. The 
substrate was then washed with toluene, and dried under a nitrogen flow. A PDQT-tc 
solution in chloroform (5 mg ml-1) was spin coated on the substrate at 1500 rpm for 60 s, 
resulting in a ~30-40 nm thick PDQT-tc thin film. A more concentrated PDQT-tc 
solution (10 mg mL-1) was used to deposit a ~70 nm thick polymer film, which was 
annealed at 200 °C for 3 hr on a hotplate in a globe box, resulting in a PDQT-n film with 
a thickness of ~30 nm. Subsequently the source/drain electrode pairs were deposited on 
the polymer film by thermal evaporation of silver through a shadow mask. Finally the 
device was encapsulated by TiOX [62] and annealed at 80 °C for 20 min under nitrogen. 
OTFT devices have a channel length (L) of 100 μm with a channel width (W) of 4 mm. 
The devices were characterized in air using an Agilent 4155C Semiconductor Analyzer. 
The field effect mobility was calculated according to the previously employed method.[27] 
 
2.4 Conclusions 
A novel polymer semiconductor was designed and synthesized with side chains thermally 
cleavable at a low temperature of 200 °C. The complete cleavage and removal of the 
insulating 2-octyldodecanoyl side chains were verified with TGA, FT-IR, and NMR data. 
The liberated N-H groups on the polymer backbone are expected to form intermolecular 
hydrogen bonds with the C=O groups on the neighbouring polymer chains to establish 
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three-dimensional charge transport networks. The resulting side chain-free conjugated 
polymer is proven an active p-type semiconductor material for OTFTs, exhibiting hole 
mobility of up to 0.078 cm2V-1s-1. The resulting side chain-free polymer thin film is 
morphologically very stable, resistant to any solvents, and has a favourable band gap for 












The side chain-free conjugated polymer reported in Chapter 2 is a p-type semiconductor 
material for OTFTs, exhibiting hole mobility of up to 0.078 cm2V-1s-1 in amorphous 
phase in which the polymer backbones are rather twisted by inter-chain interactions.  It 
would be a challenge to reorder the native polymer chain to give it a regular π –π stacking 
structure. 
Blending is an established strategy in polymer science to achieve specific structural and 
physical properties of the polymeric mixture. Insulating polymers, such as polystyrene 
(PS) and polymethylmethacrylate (PMMA), have been used to blend with P3HT.[80] 
Blending of two conjugated polymers was first reported in photodiode applications in 
1995, and enhanced performance.[74-76]  In 2002, application of conjugated polymer 
blends was reported for light-emitting diodes.[77] Not only did the ratio of different 
conjugated polymers would affect the performance of devices due to tuned electronic 
properties, but also the fabrication process including the choice of solvent affected the 
morphology of polymer film and device performance.  In 2006, Shikler et al reported that 
photovoltaic performance was linked to the polymer phase separation. They claimed that 
the de-mixing (or phase separation) is more complete in regions closer to the interface 
between the two phases and that carrier transport is easier in these regions than in the 
bulk. They also showed that the efficiency depended linearly on the length of the 
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interface between the phases.[78]  In 2009, Hamilton and co-workers reported that the use 
of blends of poly(triarylamine) and 2,8-difluoro-5,11-
bis(triethylsilylethynyl)anthradithiophene  in solution process could reach charge carrier 
mobilities greater than 2 cm2V−1s−1, which is higher than that of a single material. [79]  
Here we have designed a series of experiments to blend the thermally decomposable 
polymer PDQT-tc with polystyrene or PDQT to overcome the problem of reduced 
crystallinity we encountered with pure PDQT-tc (see Chapter 2). As a result, the hole 
transport mobilities as high as 3.08 cm2V−1s−1 were obtained for the PDQT-tc/PDQT 
blends, which is significantly higher than the individual PDQT-tc or PDQT. 
 
3.2 Results and Discussion 
 
Conjugated polymer blends were evaluated in bottom-gate, bottom-contact OTFT devices, 
with a device structure shown in Figure 3.1. A heavily n-doped silicon wafer with a 
~200-nm thermally grown SiO2 layer was used as the substrate. The conductive silicon 
functions as the gate electrode and the SiO2 layer as the dielectric with a capacitance of 
~14nF/cm2. The SiO2 layer was pre-deposited by a Au electrode using photolithography 
method. Then the substrate was modified with dodecyltrichlorosilane (DTS) prior to use. 
A conjugated polymer blend solution in tetrachloroethane (TCE) was spin coated on the 
substrate at 1500 rpm for 60 s to form a ~60-70nm polymer thin film, which was 
subjected to thermal annealing at 150 °C for 15min or 200 °C in a glove box. OTFT 
devices have a channel width (W) of 1 mm and a channel length (L) of 30 µm. All 








Figure 3.1 Bottom gate, bottom contact structure of OTFT devices  
 
In Table 3.1, PDQT-tc blended with an insulating polymer were shown to give OFET 
performance with hole transport mobility of 0.11 and 0.094 cm2V−1s−1 at 150 °C and 
200 °C annealing, respectively. These results are similar to that of the pure PDQT-tc 
polymer film described in Chapter 2, which are 0.096 and 0.078 cm2V−1s−1 at 150 °C and 
200 °C annealing, respectively. This could be explained by the phenomenon of vertical 
phase separation reported previously. [80,81] AFM images of the blend thin films before 
and after thermal decomposition clearly showed evidence of phase separation in the 
PDQT-n produced at 200 C ° formed phase separation with grain sizes of 10-100 nm. 
The dark grains are most likely the PDQT-n, while the light matrix is the PS phase. 
Apparently the PDQT-n phase is unfavorably separated by the insulating PS phase, which 
is not beneficial for charge hopping between the PDQT-n grains. Our results indicate that 
blending PDQT-tc with an insulating polymer such as PS could not improve the charge 






Table 3.1 OFTT electronic properties of PDQT-tc mixed with insulator polymers 





























































Figure 3.2 Output and transfer curves (left) and transfer curve (right) of an OTFT device with a 
PDQT-tc and PS blends with a ratio of 1:1 (m:m) thin film annealed at 150 °C for 15 min. Device 















































Figure 3.3 Output and transfer curves (left) and transfer curve (right) of an OTFT device with a 
PDQT-tc and PS blends with a ratio of 1:1 (m:m) thin film annealed at 200 °C for 3hr. Device 
dimensions: channel width (W) =1 mm; channel length (L) =30 µm. 
  
 
Figure 3.4 AFM images (2 µm × 2µm) of PDQT-tc / PS blend thin films annealed at 150 °C (left) 






From the knowledge learned from the PDQT-tc/PS blends, we decided to use PDQT, a 
semiconducting polymer, instead of the insulating PS, to blend with PDQT-tc. We 
expected that the matrix formed by the semiconducting PDQT would function as a bridge 
to connect the PDQT-n grains formed after thermal decomposition.   
























Figure 3.5 Average hole transport mobility measured from saturation region as a function of the 
PDQT content (wt%) in the blends.  
 
 
The polymer film was evaluated with a bottom gate, bottom contact structure over a 
range of polymer blends in TCE. The devices were annealed at 150 °C for 15min or 
200 °C for 3hr. Finally, the devices were encapsulated by PMMA with a thickness of 
500nm. The hole transport mobilities were measured with the method introduced in 
Chapter 1 to yield the results shown in Figure 3.5. 
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For the 150 °C- annealed sample, the hole transport mobility calculated from the 
saturation region of the pure PDQT is up to 1.24 cm2V−1s−1.  For the PDQT/PDQT-tc 
blend (4:1), it is interesting to observe that the mobility can be as high as 2.42 cm2V−1s−1.  
The reason for this improvement can be ascribed to the large crystal grains of the PDQT 
phase with the assistance of PDQT-tc, as observed in Figure 3.6 a and b. 
 
Figure 3.6 2µm×2µm AFM image of PDQT/PDQT-tc blends film annealed at 150 °C with 
PDQT/PDQT-tc blends ratio: a) 1:0, b) 4:1, c) 2:1, d) 1:1, e)1:2, f) 1:4, g) 0:1. 
a) b) c) 





When the amount of PDQT-tc was increased, the mobility decreased gradually.  At a 
PDQT/PDQT-tc ratio of 1:4 (20 wt-%), the mobility value is close to that of the pure 
PDQT-tc.  
When the film was annealed at 200°C for 3 hr, the change of mobility versus the the 
PDQT content (wt-%) in the blends is impressive, and the blends of PDQT/PDQT-tc with 
a ratio of 2:1 and 1:2 gave a higher average mobility of 2.66 and 2.27 cm2V−1s−1 than the 
mobility of 2.04 cm2V−1s−1 of the pure PDQT film. The AFM images in Figure 3.7 b and 
c showed small particles in the film. From the component of the blends, we can propose 
the bigger particles are the crystal grains of PDQT, and the smaller particles are grains of 
side-chain free PDQT-n.  Figure 3.7b shows the blend film formed at a ratio of 4:1 of 
PDQT/PDQT-tc. The average mobility is 1.64 cm2V−1s−1, which is lower than the 
mobility of 2.04 cm2V−1s−1 of pure PDQT polymer. This could be attributed to the phase 
separation of the two polymers since the grains of the PDQT phase are larger than those 
in the pure PDQT film. However, the distance between the PDQT grains also become 
longer, which is responsible for the reduced mobility. For the PDQT/PDQT-tc blend with 
a ratio of 2:1, a highest mobility value of 3.08 (with an average of 2.66 cm2V-1s-1) was 
achieved. This could also be linked to phase separation. In Figure 3.7c, many small 





Figure 3.7 2µm×2µm AFM image of PDQT/PDQT-tc blends film annealed at 200°C with 
PDQT/PDQT-tc blends ratio: a) 1:0, b) 4:1, c) 2:1, d) 1:1, e) 1:2, f) 1:4, g) 0:1. 
 
The blend with 1:1 ratio gave an average mobility of 1.43 cm2V−1s−1.  From the AFM 
image in Figure 3.7d the grains are smaller. The blend with a ratio of 1:2 showed again a 
higher average mobility value of 2.27 cm2V−1s−1. Figure 3.7e showed that this film 
consists of tightly packed nanograins. 
The output and transfer characteristics are listed in Figures 3.8 to 3.21. 
a) b) c) 






















































Figure 3.8 Output and transfer curves (left) and transfer curve (right) of an OTFT device with a 
PDQT thin film annealed at 150 °C for 15min. Device dimensions: channel width (W) =1 mm; 
channel length (L) =30 µm. 




















































Figure 3.9 Output and transfer curves (left) and transfer curve (right) of an OTFT device with a 
PDQT thin film annealed at 200 °C for 15min. Device dimensions: channel width (W) =1 mm; 
channel length (L) =30 µm. 
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Figure 3.10 Output and transfer curves (left) and transfer curve (right) of an OTFT device with a 
PDQT and PDQT-tc blends with a ratio of 4:1 thin film annealed at 150 °C for 15min. Device 
dimensions: channel width (W) =1 mm; channel length (L) =30 µm. 

















































Figure 3.11 Output and transfer curves (left) and transfer curve (right) of an OTFT device with a 
PDQT and PDQT-tc blends with a ratio of 4:1 thin film annealed at 200 °C for 3hr. Device 
dimensions: channel width (W) =1 mm; channel length (L) =30 µm. 
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Figure 3.12 Output and transfer curves (left) and transfer curve (right) of an OTFT device with a 
PDQT and PDQT-tc blends with a ratio of 2:1 thin film annealed at 150 °C for 15min. Device 
dimensions: channel width (W) =1 mm; channel length (L) =30 µm. 

















































Figure 3.13 Output and transfer curves (left) and transfer curve (right) of an OTFT device with a 
PDQT and PDQT-tc blends with a ratio of 2:1 thin film annealed at 200 °C for 3hr. Device 
dimensions: channel width (W) =1 mm; channel length (L) =30 µm. 
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Figure 3.14 Output and transfer curves (left) and transfer curve (right) of an OTFT device with a 
PDQT and PDQT-tc blends with a ratio of 1:1 thin film annealed at 150 °C for 15min. Device 
dimensions: channel width (W) =1 mm; channel length (L) =30 µm. 


















































Figure 3.15 Output and transfer curves (left) and transfer curve (right) of an OTFT device with a 
PDQT and PDQT-tc blends with a ratio of 1:1 thin film annealed at 200 °C for 3hr. Device 
dimensions: channel width (W) =1 mm; channel length (L) =30 µm. 
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Figure 3.16 Output and transfer curves (left) and transfer curve (right) of an OTFT device with a 
PDQT and PDQT-tc blends with a ratio of 1:2 thin film annealed at 150 °C for 15min. Device 
dimensions: channel width (W) =1 mm; channel length (L) =30 µm. 

















































Figure 3.17 Output and transfer curves (left) and transfer curve (right) of an OTFT device with a 
PDQT and PDQT-tc blends with a ratio of 1:2 thin film annealed at 200 °C for 3hr. Device 
dimensions: channel width (W) =1 mm; channel length (L) =30 µm. 
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Figure 3.18 Output and transfer curves (left) and transfer curve (right) of an OTFT device with a 
PDQT and PDQT-tc blends with a ratio of 1:4 thin film annealed at 150 °C for 15min. Device 
dimensions: channel width (W) =1 mm; channel length (L) =30 µm. 











































Figure 3.19 Output and transfer curves (left) and transfer curve (right) of an OTFT device with a 
PDQT and PDQT-tc blends with a ratio of 1:4 thin film annealed at 200 °C for 3hr. Device 
dimensions: channel width (W) =1 mm; channel length (L) =30 µm. 
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Figure 3.20 Output and transfer curves (left) and transfer curve (right) of an OTFT device with a 
PDQT-tc thin film annealed at 150 °C for 15min. Device dimensions: channel width (W) =1 mm; 
channel length (L) =30 µm. 




































Figure 3.21 Output and transfer curves (left) and transfer curve (right) of an OTFT device with a 
PDQT-tc thin film annealed at 200 °C for 3hr. Device dimensions: channel width (W) =1 mm; 




3.3.1 Fabrication of substrate 
 
Figure 3.22 Process of fabrication of OTFT electrode pattern.[73] 
 
The device substrate patterns were fabricated as follows: 
The silicon wafer with SiO2 dielectric layer substrate was cleaned and covered by PR 
AZ3312 with a thickness of 1um, and exposed for 4.0s. Then the substrate was developed 
in AZ300MF developer for15s. Finally, a 3nm layer of Cr and 37nm layer of Au  were 
deposited step by step. Following this step, the photoresist was removed using a stripper. 




Figure 3.23 Picture of OTFT electrodes pattern on a silicon wafer with a size of 4 inches 
 
3.3.2 Fabrication and characterization of OTFT devices 
 
Conjugated polymer blends were evaluated in bottom-gate, bottom-contact OTFT devices. 
Heavily n-doped silicon wafer with a ~200-nm thermally grown SiO2 layer was used as 
the substrate. The conductive silicon functions as the gate electrode and the SiO2 layer as 
the dielectric with a capacitance of ~14nF/cm2. The SiO2 layer was pre-deposited with 
Au electrode with photolithography method. Then the substrate was modified with 
dodecyltrichlorosilane (DTS) prior to use. A conjugated polymer blends solution in TCE 
was spin coated on the substrate at 1500 rpm for 60 s to form a ~60-70nm polymer thin 
film, which was subjected to thermal annealing at 150°C for 15min or 200°C for 3hr in a 
glove box. After that, the devices were encapsulated by PMMA with a thickness of 
500nm. OTFT devices have a channel width (W) of 1 mm and a channel length (L) of 30 
µm. All the devices were characterized in air using an Agilent 4155C Semiconductor 
Analyzer. The field effect mobility was calculated according to the previously employed 






In this chapter, the technique of blending organic semiconductors for solution processing 
is employed in the fabrication of high performance OTFTs, and a charge transport 
mobility of up to 3.08 cm2V−1s−1 was obtained with a high performance conjugated 
polymer PDQT and a novel thermally decomposable conjugated polymer PDQT-tc.  
Impressively, the performance is higher than the individual pure PDQT and PDQT-tc, 
which is explained by the favoured phase separation during the thermal decomposition of 
PDQT-tc. Our results demonstrated that blending two conjugated polymers, particularly 
for conjugated polymers with thermocleavable side chains, is a very promising technique 
to enhance of the performance the polymer semiconductors. 
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Chapter 4 Organic thin-film field-effect transistors with hole injection 




Polymer semiconductors have attracted much attention in recent years as active materials 
in organic thin film transistors (OTFTs).[34-38] OTFTs have potential applications in RFID, 
flexible displays, electronic paper, organic memory and photo voltaic devices due to the 
low cost in large area processing and low temperature in fabrication.[6-9] The HOMO level 
for p-type carrier transport should be below -5 eV and LUMO level for n-type transport 
should be below -4 eV. Most metal electrodes have a work function above -5eV. 
Consequently contact resistance would exist because of the mismatch of the low work 
function of electrode and the low HOMO level of the polymer semiconductor. Since the 
contact resistance between the electrodes and the semiconductor layer is critical to OTFT 
device performance, good contact would improve the device significantly.[69-72] Therefore, 
not only better organic materials, such as D-A structure polymer, need to be developed, 
but also device fabrication process need to be optimized. 
Metal oxides, especially transition metal oxides, are low-cost, non-toxic, transparent, and 
can be easily processed for device fabrication. More importantly, they span a range of 
work functions and energy levels, which enable them to overcome the energy barriers to 
eliminate contact resistance between the semiconductor and the electrode material for 
efficient charge injection. 
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Here we investigate the fabrication of an OTFT device with a MoO3 buffer layer between 
the silver electrode and conjugated polymer active layer to improve the device 
performance. In this work, we use 3,6-di(furan-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-
dione and bithiophene copolymer (PDBFBT), reported by our group, [59] which showed 
typical p-type semiconductor performance in OTFTs. As shown in Figure 4.1, Ag and Au 
are not ideal electrode materials for the hole injection from electrode to the PDBFBT 
active layer, which would result in a serious contact resistance.[59] On the other hand, 
MoO3 has a valence band at -5.4 eV, which matches the HOMO level of PDBFBT 
polymer perfectly. Therefore we used MoO3 as a buffer layer between the Ag electrode 































Figure 4.2 The OTFT device structure with a bottom gate and top contact structure and buffer 
















Figure 4.3 Chemical structure of PDBFBT 
 
PDBFBT was tested in bottom-gate, top-contact OTFT devices. Heavily p-doped silicon 
wafer with a ~200-nm thermally grown SiO2 layer was used as the substrate. As before 
the conductive silicon functions as the gate electrode and the SiO2 layer as the dielectric. 
And the substrate was cleaned with acetone, IPA and DI water; the SiO2 layer was then 
modified with dodecyltrichlorosilane (DTS) prior to use. A PDBFBT solution in 
chloroform was spin-coated on the silicon substrate at 1500 rpm for 60 s to form a ~30-
40-nm polymer thin film. The devices were thermally annealed at 180 °C. Then silver 
was deposited on the polymer film by thermal evaporation through a shadow mask to 
form OTFT device with a channel width (W) of 4 mm and a channel length (L) of 150 µm. 
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We compared several different electrodes, including Ag without buffer layer, Ag with 
10nm of MoO3 buffer layer, Ag with mixed deposited buffer layer of 5nm of NPB and 
5nm of MoO3, and Ag with mixed deposited buffer layer of 5nm of Ag and 5nm of MoO3.  








































Figure 4.4 Output and transfer curves of an OTFT device with a PDBFBT thin film and 100nm 


















































Figure 4.5 Output and transfer curves of an OTFT device with a PDBFBT thin film and Ag 
electrode with 10nm of MoO3 buffer layer annealed at 180 °C for 15 min  
 















































Figure 4.6 Output and transfer curves of an OTFT device with a PDBFBT thin film and Ag 






Table 4.1 Electrical parameters of the OTFTs in this study 
Electrode  Ion/Ioff VT/V Mobility/ cm2V-1s-1 
Ag (100nm) 5.0E+04 -15 0.12 
Ag/MoO3 (10nm) 9.8E+04 -23 0.21 
Ag/mixed Ag-
MoO3 
2.3 E+04 -20 0.19 
Ag/ mixed NPB-
MoO3 
3.0E+5 -20 0.33 
 
All the devices were fabricated in nitrogen filled glove box, while they were tested in air. 
Table 4.1 lists the mobility of devices, and the value of mobility is smaller than the value 
we reported. These results are reasonable because the data we got in the paper [59] were 
collected in nitrogen filled environment. The DPP base polymer is very sensitive to 
moisture, and the mobility obtained in air could be 1 order smaller than that obtained 
without moisture. 
Firstly, comparing values of mobility with different electrode, we found the mobility with 
MoO3 buffer layer between semiconductor layer and Ag electrode was higher than that 
without MoO3 layer, 0.20 to 0.12 cm2V-1s-1. This could be because of the improvement of 
hole injection by MoO3. The use of 10nm of MoO3 buffer layer and 10nm of mixed layer 
of MoO3 and Ag showed similar results, 0.21 compared to 0.19 cm2V-1s-1. Due to the 
diffusion of Ag in thermal evaporation, Ag could penetrate the 10nm of layer of MoO3, 
and the difference between MoO3 and mixed layer of Ag and MoO3 would be the 
thickness of layer of MoO3. This would be reasonable because the effect of hole injection 
with a thickness of MoO3 from 8 to 30nm has previously shown to be constant. [72] 
To improve the efficiency of hole injection, a hole transfer material NPB was introduced 
to the buffer layer in Figure 4.7. This yielded the highest value measured in air i.e., 0.33 
cm2V-1s-1. As a hole transport layer in LED study, NPB has good performance in organic 
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electric application; the high mobility we obtained maybe due to the low conductivity of 
MoO3. Also NPB layer made the buffer layer more conductive. 















































Figure 4.7 Output and transfer curves of an OTFT device with a PDBFBT thin film and Ag 




4.3.1 Fabrication and characterization of OTFT devices 
 
PDBFBT was evaluated in bottom-gate, top-contact OTFT devices. Heavily p-doped 
silicon wafer with a ~200-nm thermally grown SiO2 layer having a capacitance of ∼ 17 
nF cm−2 was used as the substrate, where the conductive silicon functions as the gate 
electrode and the SiO2 layer as the dielectric. The substrate was cleaned by Acetone, IPA 
and DI water, while the SiO2 layer was modified with dodecyltrichlorosilane (DTS) prior 
to use. A PDBFBT solution in chloroform was spin-coated on the silicon substrate at 
1500 rpm for 60 s to form a ~30-40-nm polymer thin film, which was subjected to 
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thermal annealing at 180 °C. Then electrode was deposited on polymer film by thermal 
evaporation of silver through a shadow mask to form OTFT devices with a channel width 
(W) of 4 mm and a channel length (L) of 150 µm. 
Four different electrodes were deposited on the polymer surface 
1. 100nm of Ag 
2. 10nm of MoO3, 100nm of Ag sequentially 
3. 10nm of mixed evaporation (1:1) Ag and MoO3, 100nm of Ag sequentially 
4. 10nm of mixed evaporation (1:1) NPB and MoO3, 100nm of Ag step-by-step 
The devices were characterized in air using an Agilent 4155C Semiconductor Analyzer. 
The field effect mobility was calculated according to the previously employed method 
introduced in Chapter 1. 
4.4 Conclusion 
 
The OTFTs with MoO3 as a hole injection layer between the silver electrodes and the 
polymer semiconductor film layer were fabricated through thermal evaporation. 
Compared with OTFTs without the metal oxide, the field-effect mobility was 
significantly improved.  
Then NPB was mixed with the MoO3 layer to improve the effect of hole injection, the 
mobility. Therefore, using a hole injection layer including a metal oxide with matching 
energy level or organic hole transport layer is an effective way to improve the 
performance of OTFTs, making the device suitable for organic electric applications. 
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Chapter 5. Conlusions and future work 
 
5.1 Thermally decomposable semiconductor polymer 
 
A novel polymer semiconductor with side chains thermally cleavable at a low 
temperature of 200 °C was synthesized. The complete cleavage and removal of the 
insulating 2-octyldodecanoyl side chains were verified with TGA, FT-IR, and NMR data. 
The liberated N-H groups on the polymer backbone are expected to form intermolecular 
hydrogen bonding with the C=O groups on the neighbouring polymer chains to establish 
three-dimensional charge transport networks. The resulting side chain-free conjugated 
polymer is proven an active p-type semiconductor material for OTFTs, exhibiting a hole 
mobility of up to 0.078 cm2V-1s-1.  
 
5.2 Organic transistors based on semiconducting blends 
 
The technique of blending organic polymers for solution processing is employed in the 
fabrication of high performance OTFTs with a charge carrier mobility of up to 3.08 
cm2V−1s−1 based on a high performance conjugated polymer PDQT and a novel thermally 
decomposable conjugated polymer PDQT-tc.  The performance of the semiconductor 
polymer blends is higher than each pure homo conjugated polymer. Thus, this opens up 





5.3 Hole injection layer with metal oxide and organic hole transfer material 
 
The OTFTs with MoO3 or NPB as a hole injection layer between the silver electrodes and 
the polymer semiconductor film layer were fabricated through thermal evaporation. 
Compared with OTFTs without the metal oxide, the field-effect mobility was 
significantly improved. Therefore, using a hole injection layer including metal oxide with 
matching energy level or organic hole transport layer is an effective way to improve the 
performance of OTFTs, making the device suitable for organic electric applications. 
 
5.4 Future Work 
The thermally decomposable polymer combined by other donor and acceptor units will 
be synthesized and analysed. The native thin film is morphologically very stable, resistant 
to any solvents, and has a favourable band gap for light harvesting, which may also be 
utilized for stable organic photovoltaics. For the effective intrinsic mobility of side-chain 
free conjugated polymer, this kind of conjugated polymer could be utilized to improve 
the whole performance of organic electric devices by the technique of blending 
conjugated polymers. 
Metal oxides with high work functions, e.g., MoO3, WO3, and TiO2 will be used as a 
buffer layer to align the metal work function with the HOMO of the polymer. And other 
organic hole transport or electron transport layers will be evaluated to determine if an 
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